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1 INTRODUCTION  
In general ground level columns in a building are not 
designed for vehicle impacts. It is however known 
that columns in car parks and building frontages are 
vulnerable to such impacts. After such an impact, 
columns can lose their capacity to carry the gravity 
loads which can cause a catastrophic collapse of the 
supported superstructure. This paper treats the re-
sponse of such columns under low-medium vehicu-
lar impacts and the effects of polymer wraps in en-
hancing impact capacity. This research has been 
performed by using non-linear transient dynamic fi-
nite element techniques which are validated by com-
paring results with those from existing experimental 
studies (Louw et al, 1992). Such an approach can 
economize research by reducing the need for expe-
rimental testing. Structural behavior under trans-
verse impact involves high loading rates and short 
loading durations and in order to simulate the dy-
namic behavior accurately, it is very important to se-
lect proper material models and define characteris-
tics of the loading and contact interfaces.  
The impact capacity of a typical reinforced con-
crete column in a five storey building is first eva-
luated. The column is then strengthened with glass 
fiber reinforced polymer (GFRP) wraps or tiles and 
its enhanced impact capacity is evaluated. The 
strengthening method should enhance the energy ab-
sorbing capacity of the column and provide higher 
impact capacity. Fiber Reinforced Polymer (FRP) 
composites are popular in civil engineering applica-
tions for retrofitting due to their superior properties 
such as high strength, high energy absorption, light 
weight and  easy and fast application. There is some 
research on the effectiveness of polymer composites 
to enhance the performance of reinforced concrete 
and masonry structures under impact/blast loads. 
Buchan and Chen (2006) summarized the literature 
on the blast response of structural members retrofit-
ted with FRP. Razaqpur et al. (2007) and Mosallam 
& Mosallam (2003) studied the blast response of 
reinforced concrete panels or slabs retrofitted with 
fiber reinforced polymer composite.  A comprehen-
sive review on the use of composites for retrofitting 
columns, beams and walls has also been conducted 
by Malvar et al. 2007. This information provided 
evidence on the benefits of FRP sheets for retrofit-
ting. 
2 VALIDATION OF FINITE ELEMENT MODEL 
2.1 Test specimen and test set-up  
The finite element model is validated by the impact 
column tests performed by Feyerabend (Louw et 
al.1992). In this experimental study reinforced con-
crete column was tested in horizontal position under 
impact load, generated by a 1.14 t dropping weight. 
The weight was dropped freely that resulted in 3.0 
m/s impact velocity. The 300x300 mm square col-
umn, spanning 4m, was reinforced with Φ12/150 
stirrups and 4Φ25 longitudinal bars which were 
placed symmetrically to the four corners of the 
cross-section. Specimens were hinged from both of 
its ends. While one end was allowed to slide along 
the longitudinal direction of the column, the other 
one was restrained by a 20 t mass. Figure 1 shows 
the simplified test set-up. Axial load (197 kN) of the 
column was provided with prestressing bars by pull-
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ing the sliding end towards to the restraining mass, 
(Louw et al.1992). 
 
Figure 1. Test set-up (Louw et al.1992). 
2.2 Development of validation model  
In this study Ls-Dyna, non-linear finite element 
software which is commonly used in dynamic analy-
sis, was used to predict the load-deflection behavior 
of concrete columns. Hourglass control, strain rate 
effects, axial load application, different element 
formulations and contact interfaces were all consi-
dered. By taking advantage of symmetry the simula-
tions were carried out for half the model and appro-
priate boundary conditions were assigned to the 
computer model. 
In the simulation of the column, the concrete and 
the longitudinal and transverse reinforcements were 
modeled discretely as solid and truss and beam ele-
ments respectively. Similar mesh sizes were used for 
concrete and steel reinforcement and when the con-
crete and reinforcements were assembled together 
they shared the same nodes. Perfect bond was as-
sumed between the steel reinforcement bars and the 
concrete with no slip at the shared nodes. Mesh size 
was chosen carefully in order to gain the experimen-
tal results accurately, considering the computational 
cost. 
LS-DYNA provides different types of element 
formulation options for element types in its library, 
(Hallquist, 2006). The three-dimensional finite ele-
ment model of the concrete column was meshed 
with 25 mm long, 8-node hexagonal brick elements 
with single point of integration (Elform=1) to 
represent the concrete. With this element formula-
tion, it is necessary to control the hourglass energy. 
In this present model, the stiffness-based hourglass 
control (Flanagan Belytschko) was used in 8 node 
solid elements, (Hallquist, 2006). For the steel rein-
forcements, Hughes_Liu beam element formulation 
with cross sectional integration representing stirrups 
and truss element formulation representing the lon-
gitudinal reinforcement bars were used in the finite 
element model.  
The impactor was modeled cylindrical in shape to 
define the dropping mass. It was meshed by brick 
elements with fully integrated elements (Elform=2). 
Rigid body properties were assigned to the impactor 
to simulate the free dropping mass. In order to avoid 
problems in the contact surface between concrete 
and impactor the mesh size of the rigid body was 
chosen nearly similar to the concrete at the interface. 
Proper contact definition also plays an important 
role to model the transverse impact. For the inter-
face, Automatic_Surface_to_Surface contact model 
in Ls-Dyna was used in the simulation. A static 
coefficient of friction of 0.6 and dynamic coefficient 
of friction of 0.5 were used between the parts.  
The axial load was applied as a uniform surface 
pressure over the end concrete area.  The transverse 
impact load was applied after the axial load stabili-
zation. The rigid body was only allowed vertical mo-
tion. A vertical constant force was applied to the cy-
lindrical impactor to provide the gravitational 
acceleration for to simulate the free fall which is 
similar to the experimental conditions. The impactor 
gained the 3m/s velocity at the time of impact.  
Ls-Dyna has a comprehensive material library 
that can be used to simulate concrete and steel rein-
forcement behavior. In impact analysis the choice of 
material and strain rate models, especially for con-
crete, largely affects the accuracy of the finite ele-
ment model results. The behavior of the materials 
differs notably under the various loading rates. Ma-
terial models that can reflect the actual dynamic 
properties were considered in the analyses. For con-
crete material type Mat_Concrete_Damage_Rel3, 
was chosen as it can properly simulate the dynamic 
behavior of the concrete under impact and blast 
loads successfully (Malvar L.J. et al., 1997). Strain 
rate effect and material non-linearity of concrete 
were also considered with that model (CEB-FIP 
Model code 1990, Malvar & Ross 1999). Both lon-
gitudinal reinforcement bars and the stirrups were 
modeled as elastic plastic material and represented 
by Mat Plastic Kinematic material model which also 
provides kinematic hardening. Strain rate effects by 
provided through the Cowper and Symonds expres-
sions (Hallquist, 2006). The cylindrical impactor 
was modeled as a rigid material using a cost effec-
tive material model (Mat_Rigid) with realistic val-
ues of density and young’s modulus. 
2.3 Comparison of numerical and experimental 
results 
The time histories of mid-span deflections obtained 
from the numerical simulation and the experiment 
are presented in Figure 2. The maximum deflection, 
residual deflection and the duration of the impact 
compare reasonably well and confirm the validity of 
the present numerical simulation techniques. They 
also provide confidence for using these techniques in 
further impact studies. 
 
 
 
  
 
 
    
 
  
 
 
 
 
 
 
 
 
 
 
 
a. numerical model 
 
 
b. experimental (Louw et al.1992)\ 
 
Figure 2. Mid-span deflections  
3 SIMULATION OF AXIALLY LOADED 
COLUMNS 
3.1 Development of finite element model 
The validated finite element simulation techniques 
were adapted to model and analyze ground floor 
columns in a five story building. Analyses were per-
formed to assess the performance of the columns be-
fore and after retrofitting. Square columns (250x250 
mm) with an effective height of 4m are considered. 
The columns have been designed according to Aus-
tralian Standards (AS3600, 2004) and are reinforced 
with 8Φ18 longitudinal steel bars, which were dis-
tributed equally though the cross section, and with 
Φ10/150 stirrups. The compression strength of the 
concrete was 50 MPa and the yield strength of the 
steel was 500 MPa. The building is symmetric and 
with 5.0 m spans in each direction. The slabs thick-
ness is 10 cm and the live load was considered as 
3kN/m
2
.  
Glass fiber based unidirectional (GFRP) sheets 
were used to enhance the impact capacity of the col-
umns. As the thickness (0.23mm) of the polymer is 
small compared to its other dimensions, shell ele-
ments were used to represent the polymer sheets. 
Belytschko_Lin_Tsay type shell element with single 
point Gaussian integration was used for the GFRP 
sheets. This type of shell element has been common-
ly used in simulations as it reduces the computation 
time. Mesh size was kept similar than of the con-
crete. 
The material Mat_Piecewise_Linear_Plasticity in 
Ls-Dyna material library was used for the polymer 
composite in the finite element simulations. The po-
lymer behavior was considered as linear elastic until 
it reached its tensile strength. Since there was insuf-
ficient information on non-linear and dynamic ma-
terial properties of GFRP in literature, they were dis-
regarded in the material model of GFRP (as also 
done by others). Table 1 gives the properties of the 
GFRP material. As also done in the validation 
process, efficient material models for concrete and 
reinforcement with strain rates under high dynamic 
loads were adopted in the present finite element si-
mulation. 
The interaction between concrete and polymer 
sheet was simulated using contact interfaces. Con-
tact control cards were also activated in the analysis. 
The contact types in Ls-Dyna, Contact Tiebreak Sur-
face to Surface was chosen for defining interaction 
between the polymer and concrete. GFRP was set as 
slave layer while concrete was set as master layer. 
 
Table 1. Mechanical properties of the GFRP considered 
Mbrace® 
Fibre Type Glass 
Young modulus (GPa) 80 
Tensile Strength (MPa) 1700 
Thickness (mm) 0.230 
Fibre Weight (g/m
2
) 600 
Failure elongation (%) 2.8 
 
Column was fixed from both of its ends. All the 
translations and rotations were restrained at the 
bottom support. At the top end axial translation (Z 
direction) was allowed to permit axial shortening 
while lateral translations (X and Y directions) were 
restrained. Column was subjected to impact load  at 
its front surface, applied normal to the column 
surface. The impact height was 50cm from the 
ground surface, with the contact area for impact 
pressure application extending across a height of 25 
cm (EN 1991-1,2006). 
The force-time history diagrams are usually 
idealized to simplify dynamic impact analyses. The 
duration and the magnitude of the force are the main 
parameters in the idealized diagrams. Triangular 
shaped load-time history diagrams are used in this 
study. The impulse (or area load vs time graph) can 
considered to be equal to the product of the mass 
and velocity of the vehicle. The duration of the 
impact was kept constant as 100 msec, in the 
analysis. For different vehicle masses and impact 
velocities, the magnitude of the peak force can be 
increased during the analyses until the columns 
reach failure (ultimate stage). In the present study, 
the impact capacity of the reinforced concrete 
columns were thus obtained from the simulations. 
Existing and retrofitted columns failure forces were 
used to make comparisons between their impact 
capacities. 
3.2 Numerical model results 
The impact capacities of both existing and retrofitted 
column were evaluated. Results from the impact 
force-time histories of the both existing and GFRP 
retrofitted columns under transverse impacts are 
shown in Figure 3. For the existing column, the 
maximum impact force is 490 kN and the impact ca-
pacity is increased to 710 kN when retrofitted with 
GFRP sheets. 
Thilakarathna et al. (2009) idealized the real im-
pulses of vehicle impacts. The impulse-time histo-
ries of medium-size cars such as Ford Taurus, 1619 
kg weight and Honda Accord 1329 kg weight with 
impact velocities of 56.2 km/h and 48.3 km/h are al-
so given in Figure 3. The results of the present anal-
ysis indicated the vulnerability of the axially loaded 
five story columns that can be damaged by the me-
dium velocity car impact. The column cannot with-
stand the impact of Ford Taurus and it fails. The per-
formance of the columns retrofitted with GFRP 
composites can withstand the impact with both cars 
as the impact capacity has been increased by 45%.  
 
Figure 3. Impact capacities of columns and full scale car tests 
4 CONCLUSIONS AND RECOMMENDATIONS 
This paper has treated the response of reinforced 
concrete columns to vehicular impacts and their vul-
nerability using numerical simulations. The numeri-
cal simulation technique was first validated and ex-
tended to study the impact response of typical 
columns in a five storey building. The paper also 
considered the use of polymer composites for streng-
thening vulnerable concrete columns against impact.  
The results show that the present numerical tech-
niques, after appropriate validation, offer an efficient 
and economical means studying the impact response 
of structural members.  The results also indicate the 
possibility of increasing impact capacities of exist-
ing columns by retrofitting with polymers. In partic-
ular, it is evident that retrofitting reinforced concrete 
columns with GFRP can significantly improve their 
impact performance to withstand transverse impact 
loads and to mitigate their adverse effects. Work is 
still in progress and further results will be presented 
in the conference. 
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